ABSTRACT: Cell organization, proliferation, and differentiation are impacted by diverse cues present in the cellular microenvironment. As a result, the surface of a material plays an important role in cellular function. Synthetic surfaces may be augmented by physical as well as chemical means. In particular, patterning and interfacial gradients may be utilized to mitigate the cellular response. Patterning is advantageous as it affords control over a range of feature sizes from several nanometers to millimeters. Gradients exist in vivo, for instance in stem cell niches, and the ability to create interfacial gradients in vitro can provide valuable insights into the influence of a series of minute surface changes on a single sample. This review focuses on fabrication methods for generating micro-and nanoscale surface patterns as well as interfacial gradients, the impact of these surface modifications on the cellular response, and the advantages and challenges of these surfaces in in vitro applications. V C 2013 Wiley Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2013, 51, 775-794 
INTRODUCTION In addition to cell-cell interactions, a myriad of environmental cues [including physical and chemical properties of the extra cellular matrix (ECM)] signal cellular actions. 1 Understanding the cellular response to these environmental cues has a host of important implications in basic science, medical implants, diagnostics, and therapeutics. 2, 3 Patterning and gradient techniques afford control of physical and chemical surface characteristics on the level of cellular action, that is, on the micro-and nanoscale. 4 Feature sizes as small as tens of nanometers are possible with current patterning and/or gradient techniques. 5, 6 Importantly, a diversity of cell behaviors ranging from cell orientation, cell motility, surface antigen display, activation of tyrosine kinases, and modulation of intracellular signaling, were found to be associated with geographic changes on the nanoscale. 7 Gradients exist in vivo providing directional cues for immune cells to an infection site as a part of an immune response 8 or in development as inducements of cellular differentiation resulting in functional glands such as the mammalian pituitary gland. 9 Generating in vitro gradients gives scientists an opportunity to explore distinct surface compositions at the cellular level. Furthermore, the use of surface gradients allows for discrete surface chemistries and morphologies to be assessed on a single sample allowing for more efficient screening of materials. This may prove to be more cost-effective and may enable high throughput evaluation. 10, 11 Currently employed patterning methods include photolithography, 12 soft-lithography, 13 microfluidic patterning, 14 laminar flow patterning, 15 stenciling, 16 and a range of techniques for the fabrication of nano-scaled patterns such as electron beam lithography, 17 dip-pen nanolithography (DPN), 18 imprint lithography, 19 or colloidal lithography. 20 These techniques allow for the attachment of biomolecular factors (e.g., proteins, growth factors, cytokines) by both physical adsorption and covalent immobilization. In addition, a host of methods exist for the generation of interfacial gradients. [21] [22] [23] Often chemical gradients, as evidenced by a differential concentration of a given ligand across the surface are employed in the investigation of cellular chemotaxis for numerous healthcare applications. 24, 25 Furthermore, physical gradients which vary in elasticity or stiffness as a function of distance, 26 as well as those that differ in terms of surface roughness have been created to examine directional cellular responses. 27 Gradient and pattern generating techniques make use of a breadth of materials (metals, 28 natural 29 and synthetic polymers, 30 glass, 31 etc.) and have numerous methods of action, such as light or physical masking.
This review will provide an overview of current developments in the evaluation and fabrication of micro-and nanotopological patterns and gradients for cellular studies. Specific consideration will also be given to the phenotypic response of various cell types as a result of cellular interactions to various topological cues. Moreover, the advantages and challenges encountered through the use of these techniques will be highlighted for the study of cell-surface interactions in in vitro settings.
PATTERNING
Patterning provides scientists with a diverse toolbox for the study of cells and biomolecules. In fact, patterning has been used extensively in biotechnology in areas such as biosensing, tissue engineering, and drug screening. 32 Patterning techniques can create feature sizes ranging from several nanometers to millimeters (or more) and their sizing difference affects different aspects of cell behavior. 33, 34 For example, patterning by microfluidic techniques has achieved directional control over nerve regeneration 35 and cell spreading. 36 Surface patterning using local geometric control can guide cell spreading and shape and was found to govern the growth and death of individual cells irrespective of the type of biomolecule used to mediate cell adhesion. 37 Moreover, nano-scaled topology modulates interfacial forces and influences cytoskeletal formation and the adsorption and conformation of integrin binding proteins on cell membranes. Patterning may occur directly, that is, the attachment of the biomolecule(s) of interest to the substrate via the patterning medium, or indirectly in which a template of the desired pattern is made on the substrate followed by subsequent attachment of the biomolecule(s). Table 1 provides a comparison of selected patterning techniques for biomaterials.
Electron Beam Lithography
Electron beam lithography (EBL) is a top-down patterning approach, which uses direct writing. Originally developed for the semiconductor industry, it has been utilized in biology to create patterns for subsequent biomolecular immobilization of proteins, peptides, growth factors, and cells to investigate a host of biomolecular interactions. 44 EBL consists of focusing an electron beam onto a substrate covered with an electron beam photoresist. If the resist is positive, the portions exposed to the beam become more soluble in the developer solution that is used to further define the pattern and the converse is true if a negative resist is utilized. EBL occurs under high vacuum. The resolution of this technique is determined by the size of the molecules in the resist and the scattering range of the electrons. 45 Higher electron beam energies lead to smaller feature sizes and patterns in the 10 nm range have been fabricated using this method. 46 Though small feature sizes can be created, the adoption of this patterning technique is limited by high costs as compared to other lithographic approaches. In addition, the patterning speed of this technique is relatively slow as compared to photolithography. Nonetheless, the technique has been utilized to study cell adhesion, 47 stem cell differentiation, 48 and to control cell growth and organization. 49 Fueled by recent progress with their expansion and differentiation, there is a great deal of interest in stem cells for regenerative medicine and therapeutics. 50 As such there is a growing need to explore factors that influence stem cell phenotype and controlled differentiation. EBL has been utilized to pattern stem cell substrates. For example, Kantawong et al. 48 employed EBL to generate a disordered nanopit topography to guide the differentiation of osteoblast progenitor cells on a biodegradable polyester, polycaprolactone (PCL). A three-step process of EBL, nickel die fabrication, and hot embossing was used to construct a model surface comprised of 120-nm diameter, 100-nm deep pits, in a 300-nm square arrangement from pit center to pit center with controlled error of 650 nm in the x-y-direction. Osteoblast progenitor cells were seeded on the surfaces and differential in gel electrophoresis was utilized to analyze the protein expression of cells grown on the disordered nanopit topographies as compared to smooth surfaces. Moreover, histology was used as a complimentary approach to the proteomic assessment and results from both proteomic and histological analysis show that the surfaces displaying topographic features induced differentiation of the progenitor cells faster than those cultured on smooth, planar substrates.
Recently, Dos Reis et al. 49 probed the interactions and networks of neural cells using patterned surfaces, which were created by EBL. A biodegradable hydrogel, poly(amidoamine), was patterned via EBL. After assessing protein adsorption to ensure that proteins adsorbed only on the patterned areas, neuronal cells were seeded onto the patterned substrates. In this instance, the pattern consisted of 10-lm microwells connected by 1 lm microchannels. Cells were provided with neuronal growth factor (NGF) to induce neurite development. Preferential adhesion of the cells to the patterned microwells and neurite outgrowth into the microchannels resulted in the creation of the intercellular neural network shown in Figure 1 . Moreover, the number of neurites is determined by the number of microchannels and single cell behavior could be observed. Patterning hydrogels with EBL allows for the creation of complex patterns that afford single cell analysis and thus has applications for multifunctional microdevices as well as the study of single cell behavior in terms of physiological and pharmacological effects.
Photolithography
Photolithography was initially created for use in the semiconductor industry. 33 Nonetheless, it is a technique that has been frequently exploited in the generation of protein and cell patterns. [51] [52] [53] In the photolithography process, patterns are generated, when features on a mask are transmitted to a substrate (usually a polymer) by exposure to light. Typical photomasks are comprised of optically transparent materials (at the wavelength used for patterning) and may be produced economically using computer-aided design software. Conventional photolithographic processing occurs in a clean room and requires expensive equipment. Thus, the process can be cost prohibitive, if such facilities are not readily accessible. In addition, photolithography is not well suited for patterning on constructs that have previously been functionalized with delicate ligands. Conversely, photolithographic techniques that obviate the need for clean room facilities have emerged such as microscope projection photolithography. 54 Photolithography offers access to feature sizes on the order of 1 lm or less and can be used to create various patterns over large surface areas. 55 Numerous substrates can be patterned via photolithographic techniques including metal oxides, 56 polymers, 57 glass, 58 and hydrogels. 59 For example, Scotchford et al. fabricated micropatterns of various combinations of metal oxides, titanium (Ti), aluminum (Al), vanadium (V), and niobium (Ni), to investigate protein adsorption and adhesion of human osteoblasts. 60 Surfaces consisted of a background metal oxide and a patterned (stripes or dots) foreground oxide. The first step in creating these surfaces was a vapor deposition process which was used to coat the silicon wafer with a background layer of one of the metal oxides. The second step consisted of spin coating a positive photoresist onto the metal oxide coated wafer, crosslinking of exposed photoresist areas as a result of mercury lamp exposure, and subsequent removal of the crosslinked photoresist via a developer solution. Next, a vapor deposition process of a second metal oxide layer (this layer is different from the background metal oxide and is called the foreground layer) onto exposed areas of the background metal oxide was undertaken. The final step in the pattern generation was the crosslinking of the remaining photoresist and removal of the photoresist via dissolution in developer. This process yielded foreground oxide patterns of stripes or dots 50, 100, and 150 lm in width or diameter in a background oxide layer. Osteoblasts were seeded onto the patterned substrates and cell behavior was observed after 24 h. 60 Numerous materials combinations of the various metal oxides were generated and of these, aluminum was the least biologically favored material irrespective of which oxide it had been combined with. When patterned with other oxides, cells migrated preferentially away from the aluminum and onto the other oxide. This response was attributed to preferential adsorption of cell binding proteins onto the other oxide types, which was validated by subsequent protein adsorption experiments. The results of this work are applicable to studying physical and chemical parameters influencing cell adhesion and migration.
Hahn et al. 59 used transparency-based photolithography to pattern a photoactive poly(ethylene glycol) (PEG)-diacrylate (PEGDA) hydrogels. This method does not require the use of a clean room and is less expensive as transparencies are created using standard ink jet printers. In this instance, the authors investigated the impact of exposure time on the concentration of immobilized biomolecules and the influence of patterning on the adhesion behavior of human dermal fibroblasts (HDFs). The biomolecules, a generic adhesion peptide (RGDS) and an endothelial cell specific adhesion peptide (REDV), were immobilized on the hydrogel by sequential application of the patterning technique. Immobilization occurred by mixing a precursor solution of monoacryloyl-PEG-peptide with a photoinitiator, layering the solution on the hydrogel surface, and then spatio-selectively conjugating the acrylated moieties via UV exposure through a photomask. The concentration of biomolecules on the surface varied linearly with exposure time with increased exposure leading to higher concentrations of immobilized peptides. To ascertain the biological activity of the immobilized peptides, HDFs FIGURE 1 Confocal microscopy of neurites grown on EBL patterned microwell networks (10 lm diameter) connected by microchannels (1 lm width). Cells were treated with NGF (for 48 h), and immunostained with DAPI (cell nuclei, blue), FITC anti-vinculin antibody (focal contacts, red), and TRITC phalloidin (actin filaments, red). (a) Cell growth and interconnection between neurites (b) single cell in one microwell and extension of neurites along microchannels. 49 
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were seeded onto the patterned surfaces. HDF adhesion was controlled such that cells adhered only to the RGDS patterned regions and not to the REDV areas (Fig. 2) .
Microscope projection photolithography uses the fluorescent light from the microscope as the UV irradiation source. Recently, Kim et al., 61 exploited this technique to pattern multiple proteins and cells. They created a new protein friendly photoresist, poly(2,2-dimethoxy nitrobenzyl methacrylate-r-methyl methacrylate-r-poly(ethylene glycol) methacrylate) (PDMP) that could dissolve upon UV exposure in aqueous environments with a pH > 6.9. PDMP was assessed in terms of its ability to pattern a protein array and its ability to support cellular adhesion of multiple cell types. The PDMP was spin-coated over a biotinylated substrate and then subsequently exposed to UV irradiation, which made the biotin accessible for protein binding. Biotin is known to have a strong affinity for the protein streptavidin (sAV). 62 After the first UV exposure, the patterned surface was incubated with fluorescent sAV. Following rinsing, the microscope was used to align the sample such that new areas of the surface could be irradiated for subsequent protein binding. This process was repeated until an array of three proteins was created. The aforementioned multiple-protein patterning approach was then utilized to create two-component immune cell arrays. Specifically, DO11.10 CD4 þ T cell blasts and biotinylated A20 cell lymphomas (A20B) were attached to the cell array. Adherence of the T cell type was facilitated via the use of a biotinylated antibody for this cell type and A20B cells could interact with the surface directly because of its biotin moiety. The T-cell was patterned first followed by the patterning of the A20B cells (Fig. 3 ). These cells are commonly paired to explore immunological synapses developed among T cells and antigen presenting cells. As such, this platform could serve as a viable option for investigating the intercellular communication between immune cells.
Soft Lithography
Soft lithography takes advantages of printing and molding with elastomeric stamps. 63 The elastomeric stamp is patterned in bas-relief from a replica mold previously created via microfabrication. 64 Transfer of the pattern to the elastomeric stamp is facilitated by the rigidity of the master, which allows for the separation of the master from the mold. Once the elastomeric stamp is created, it is ''inked'' with a molecule of interest and then brought into physical contact with a substrate. Replica molds, or masters can be patterned with a range of geometries. The feature size is limited by the resolution of the photomask used to create the mold as well as the diffusion of the inks. Patterns as small as tens of nanometers can be created on the molds, 65 however, for biological applications, even feature sizes on the order of 100 nm are challenging to be realized in practice. 66, 67 Elastomeric stamps may pattern large areas at once, but the complexity of surface architecture is limited. Microcontact printing (lCP) is a widely used soft lithographic technique and elastomeric stamps are typically comprised of poly(dimethylsiloxane) (PDMS), although other elastomers may be used. 68, 69 For example, Schulte et al. 70 used a perfluoropolyether (PFPE)-based elastomer for printing and in this work cell adhesion, morphology, and spreading of primary human fibroblasts was studied. Composite elastomeric materials may also be utilized and a composite of acrloyloxy perfluoropolyether (a-PFPE) and PDMS was exploited by Truong et al. 71 to create generate defined lCP geometries which compared well with those generated by PDMS stamps alone.
Recently, lCP served as a platform for patterning neuronal stem cells (NSC) on poly-lactic-glycolic acid (PLGA) polymer. 72 NSC patterning is potentially beneficial for neural repair and therapy, because it affords control over the spatial distribution and growth of NSCs. 73 However, difficulties in patterning NSCs have limited swift research progress. In this instance, the authors used a PLGA modified with a hydrophobin II protein as the base substrate. Areas of serum were subsequently patterned via lCP and cells adhered to the patterned area while being repelled from the modified PLGA background. Patterning of NSCs can be utilized in the investigation of cell growth, motility, and differentiation in various environments.
Self-assembled monolayers (SAMs) of alkanethiolates are frequently exploited for lCP for biological applications. [74] [75] [76] Lehnert et al. 67 assessed the impact of microenvironment geometries on cellular behavior via lCP. In particular, diverse patterns of a hydrophobic alkanethiol, octadecylmercaptan (ODM), were microcontact printed onto gold-coated glass slides. Square patterns ranged in size from 0.3 to 3 lm square and were between 1 and 30 lm apart center-to-center. After printing, ODM patterns were incubated with ECM proteins fibronectin and vitronectin, which adhered to the patterned areas through hydrophobic interactions. A wide variety of cell types were grown on the patterned areas including mouse melanoma cells, b3-integrin-EGFP transfected B16 cells, buffalo rat liver cells, and NIH 3T3 fibroblasts. Results indicated that cells were capable of adhering and spreading on patterned regions as small as 0.1 lm 2 when the center-to-center spacing of the patterned squares is less than 5 lm. In addition, center-center distances of 5-25 lm led cells to spread such that they mimicked the shape of the ECM pattern. However, at center-to-center distances 30 lm cells were unable to spread, when patterns were 1 lm 2 ( Fig. 4) . Findings from this work can be applied to the creation of microenvironments to control cellular behavior and the design of model substrates for studying cellligand interactions. It should be noted however, that the use of SAMs comprised of alkanethiolates is limited for long term cellular studies (on the order of days to weeks), because the integrity of the monolayer is comprised over time due to oxidation and then desorption of the SAM from the substrate surface. 77 In summary, the lCP technology is desirable in that it is simple, rapid, inexpensive, and compatible with a wealth of surface and ligand chemistries. DPN DPN is similar to EBL in that it is commonly utilized as a direct writing approach. This method uses an atomic force microscopy (AFM) probe inked with a solution that has a chemical affinity for a given surface. Patterns are written on surfaces by bringing the probe in contact with the surface. The inked AFM probe is scanned across the surface in either contact or tapping mode. 78, 79 Printing quality and specificity is influenced by humidity, tip geometry, writing speed, contact time between the tip and substrate, and the properties of the ink and substrate. 80 As a result, controlling environmental factors such as temperature and humidity is important and environmental control chambers and glove boxes are often employed to maintain control of these parameters. DPN is advantageous over traditional direct writing techniques such as lCP in that it allows direct writing of different molecules within a nanostructure thereby generating complex surface architectures. In addition, a broad range of inks, from small organic molecules to biomolecules can be printed with this technique including thiols, 81 proteins, 82 and DNA. 83 Because large pin arrays can be created, writing over large surface areas occurs simultaneously thus making DPN a viable option for high throughput applications. 41 Sekula et al. 84 exploited DPN's ability to pattern multiple biomolecules at once by creating a biomimetic lipid membrane pattern for cell culture studies. Specifically, lipids with two different functional groups, biotin and nitrilotriacetic 
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REVIEW acid, were patterned concurrently using a large array. Then selective binding of proteins via sAV-biotin and histidine tag couplings occurred on the patterned areas. The authors verified the functionality of the proteins under numerous environmental conditions. This multilayer protein/lipid pattern, then served as a substrate for T-cell adhesion and activation. T-cells were found to adhere selectively to the curved edges of the patterns and were activated by their interaction with the labeled antibodies in the patterned areas (Fig. 5) . The platform provided in this work could be utilized to explore a multitude of biological interactions for applications in diagnostics, drug screenings, and cellular therapies.
Stem cells have also been influenced by the presence of DPN patterns. Curran et al. 85 created DPN arrays of thiols with numerous functionalities on gold. In particular homogenous areas of patterned thiols with end groups (ACOOH, ANH 2 , ACH 3 , AOH) were spaced between 140 nm and 1000 nm apart in order to investigate the relationship between surface chemistry and pitch on mesenchymal stem cell (MSC) behavior. Their work indicated that various combinations of pitch and chemistry can influence the distribution of focal contacts and thus mediate initial cell adhesion. For example, patterned areas with carboxyl groups were found to promote MSC phenotype and adhesion only at a pitch of 280 nm. In addition, variations in pitch were found to impact differentiation of MSCs on OH terminated thiols such that increased pitch, >280 nm, induced differentiation towards an osteogenic lineage. The induced differentiation was attributed to a decrease in cell focal contacts.
Colloidal Lithography
Colloidal lithography is an emerging patterning technique that utilizes two-dimensional (2D) arrays of colloidal particles to generate masks that are utilized in sputtering and etching processes to create patterned features. 86 This technique is advantageous in that it allows for quick surface coverage of large surfaces, is relatively inexpensive, and widely available commercially. However, limitations do exist. The particles are self-assembling systems and the size of the features generated is controlled by the size of the particles. Features are also influenced by the particle physics thus making user-defined control of feature size difficult. Without augmentation, patterns generated by particle masks are limited to simple geometries such as triangular and spherical shapes. Particle patterns can be augmented by annealing, reactive ion etching, and ion milling of the particle masks to create more complex/novel geometries. 87, 88 Malmstrom et al. 89 used colloidal lithography to investigate the interaction of breast cancer cells with extracellular matrix (ECM) proteins. In this work, protein patterns of 100, 200, 500, and 1000 nm were created via colloidal lithography to study cell adhesion, spreading, and stress fiber formation on fibronectin patterns. Briefly, physical vapor deposition of titanium and silicon oxide followed by a lift off step transferred the pattern from the colloidal mask to the substrate. The patterned array is then functionalized such that fibronectin is contained in the patterned areas and the background is rendered non-reactive by a poly-L-lysine-g-polyethylene glycol. Results indicated that the size of the protein patches influenced cell adhesion and spreading such that adhesion and spreading increased as pattern size increased (Fig. 6 ). This work may benefit ECM organization studies and surface signaling investigations for cell culture and tissue engineering applications.
Focal adhesions were also studied by Walter et al., using a colloidal patterning approach. 90 In this work, the authors investigated the force required to remove fibroblasts from colloidal patterned arrays of an integrin binding sequence for ECM proteins, arginine-glysine-aspartic acid (RGD). Magnetic tweezers applied forces of 6-200 pN in the vertical direction to adhered cells on 6 nm ligand patterns distanced 58-145 nm apart. The force required for cellular unbinding from the ligand patterns was negatively correlated to pattern distance with greater release forces being required for smaller pattern distances. Time was also found to play a role, with longer adhesion times requiring greater removal forces. Greater force responses for smaller distances were attributed to increased ligand density on the substrate resulting in better focal adhesions. This approach could be utilized in exploring cellularbiomolecular affinities and the influence of various surface factors on cellular adhesion. In addition to cell adhesion and spreading, colloidal particles have also been utilized to investigate stem cell differentiation. 91 
Microfluidic Patterning
Microfluidic devices have been fabricated to deliver various growth factors and dyes across cells and cell surfaces. 92 This technique relies on the controlled, laminar flow of fluids through channels of defined geometry. Microchannels are often formed by contacting PDMS with a substrate or by creating channels in the PDMS itself. These channels can selectively direct biomolecules to specific sites on a substrate to enable cellular adhesion and interaction. Moreover, two or more laminar streams flown in parallel can be combined into a single stream with limited mixing (only slight diffusion at the interface occurs). This is advantageous for patterning cellular environments and for studying subcellular processes. 93 Other desirable attributes of microfluidics are that they are easily fabricated and widely available which in turn makes them a cost effective alternative. 34 Lee et al. 94 recently developed a microfluidic patterning technique based on capillary action through microchannels. This platform is based upon the principle that it is easier to move fluid through a narrow opening due to surface tension and it was employed in the patterning of multiple cell types in a laterally open microchannel. The microfluidic device was comprised of a PDMS layer with channels that have walls shorter in height than the layer's edges. Once set, the PDMS layer was positioned atop a glass slide that is coated with PDMS and both the slide and the layer have been plasma treated to increase hydrophilicity. The PDMS layer made a tight seal with the treated glass slide to create a combination of deep and shallow (height ¼ 20-60 lm) open channels. In some instances, polystyrene dishes, rather than PDMS coated glass was used as the base substrate. Preferential fluid movement was expected in the shallow channels allowing for patterning in these areas of an extracellular matrix, poly-L-lysine (PLL), and fibroblast or HeLa cells (Fig. 7) . The authors were able to construct several device geometries for the co-culture of cells demonstrating the efficacy of a simple capillary method for such use. This work has applications in generating complex microenvironments for the study of cellular behavior in human disease and diverse ecologies.
SAMs of alkanethiolates on gold have been utilized to attach biomolecules and cells for the study of cell/biomolecule material interactions. 95 Koepsel et al. 96 employed microfluidic techniques to create a SAM-based stem cell culture substrate with discrete patterned areas that varied in terms of ligand identity and density. Here a ''localized SAM replacement'' approach was carried out to generate the patterned platform via passive pumping which utilized differences in surface tension across the microchannel to drive fluid transport. Prior to microfluidic processing, a SAM of hydroxyl-terminated oligo(ethylene glycol) (OEG) alkanethiolate was attached to a gold slide via physisorption. At this point, a microfluidic device comprised of several channels was placed atop the preformed SAM. Regions of the preformed SAM are then removed by the flow of NaBH 4 over the surface. New SAMs were formed via the flow of aqueous solutions carboxylic acid and hydroxyl terminated OEG alkanethiolate through the microchannels as these molecules interact with the regions exposed from the NaBH 4 flow. The final step in the production of the cell culture substrate was the sequential flow of an ''activating'' solution and a peptide solution through the microchannels to facilitate the covalent attachment of various concentrations of Arg-Gly-Asp-Ser-Pro (RGDSP), an amine-terminated cell adhesion peptide. After substrate generation, human mesenchymal stem cells (hMSCs) were seeded on the substrate. Results demonstrate that hMSCs preferentially attached to areas patterned with RGDSP and that peptide identity and density impact hMSC spreading as well as focal adhesion density. This method allows for the rapid creation of stem culture environments and has applications as a high-throughput screening tool for exploring the influence of immobilized signals on stem cell behavior and phenotype.
INTERFACIAL GRADIENTS
Numerous interfacial gradients exist in the body, whether it be it physical such as a change in surface roughness at the boundaries of different tissues 97 or electrochemical, such as those involved in the generation of action potentials. 98 In fact, gradients play a critical role in many biological processes such as embryonic development, immune response, tissue regeneration, and tumor metastasis. 99 Therefore, the generation of engineered gradients should provide insight into cell behavior and function in more in vivo like conditions. In addition, gradients allow several unique surface conditions to be explored on a single sample saving both time and money. 100 Prior to engineering surface gradients, gradient experiments were often conducted by releasing a molecule from a source and allowing a concentration gradient based on diffusion to form over time. 34 However, this was inefficient as there was instability in this system and it was difficult to control the concentration profile. Today, a plethora of methods exist for creating defined gradients including chemical conversion of SAMs with UV stimuli, immobilization of ligands via photopolymerization, and electrochemical adsorption or desorption of signaling molecules. 101 Some of these chemical gradients are limited in their long-term stability due to the use of materials such as SAMs of alkanethiols which are easily oxidized or by use of physically adsorbed ligands which results in desorption of the ligands over time. In addition to chemical gradients, morphological roughness gradients have also been generated. [102] [103] [104] For the purpose of this review we will focus on methods for generating immobilized chemical, microfluidic, plasma polymer, morphological, and hydrogel gradients for biological applications.
Immobilized Chemical Gradients
Biomolecules may be attached to surfaces to create continuous and discrete gradients for investigating cell-material interactions. 105, 106 These molecules may be attached via physical adsorption or by covalent means. However, covalent immobilization affords greater control over the orientation of the biomolecules, and since orientation is known to influence function, covalent immobilization is preferred. Therefore, several gradients, which incorporate covalent immobilization strategies will be highlighted herein. Harris et al., modulated polymer brush density to influence subsequent immobilization of the cell adhesion peptide RGD which in turn impacted fibroblast adhesion to the polymer brush. 107 In particular, a photoinitiator was deposited onto a silicon wafer and then a methacrylic acid (MAA) monomer was added to the treated substrate. The sample was irradiated with variable exposure times but with constant intensity across the substrate to generate a polymer chain density gradient. Initially, the anionic brush was resistant to cell adhesion and was therefore functionalized to promote fibroblast adhesion. Further functionalization of the PMAA surface involved conjugation of the RGD ligand to the polymer brush via appropriate surface chemistries. Once the gradient was prepared, 3T3 mouse fibroblasts were seeded onto the gradient surfaces and cell adhesion was assessed as a function of ligand density. Results indicate that the RGD surface concentration increased with polymer brush thickness (which increased with increasing irradiation time). Cell adhesion was also found to increase as ligand density increased. Applications of this work include wound healing and nerve regeneration.
Peptide concentration gradients were also generated via SAM and click chemistry. 108 In this work, Moore et al., used vapor deposition to coat glass coverslips with an octyldimethylchlorosilane SAM. Coverslips were attached to a motorized stage and exposed to UV with increasing exposure times resulting in increased SAM oxidation and thus a gradient in surface energy across the surface. A polyethylene oxide (PEO) linker was covalently coupled to the oxidized SAM surface via click chemistry and then this PEO linker served as the recognition moiety for an osteogenic growth peptide (OGP). Osteoblasts were seeded onto the surfaces and behavior observed over a 24 h time period. At all-time points, gradient surfaces with OGP were found to have enhanced cell density and proliferation as compared to controls of gradient-only and smooth surfaces. Gradients compatible with click chemistry may also be generated by chemical vapor deposition polymerization (CVD). 109 More recently, CVD copolymer gradients have been used to control cellular transduction of human gingival fibroblasts by covalent immobilization of a cell-signaling adenovirus. 110 Additionally, gradients can be generated by ink jet printing techniques. 111 In this instance, Yamazoe et al. used ink jet printing to make gradients of polyethylenimine (PEI) on an albumin based-substrate. PEI solution was placed into the ink jet cartridge and distributed across the surface in a gradient of increasing PEI concentration. L929 mouse fibroblast cells were then seeded onto the gradient. Cell adhesion increased as a function of increasing PEI surface density with no cells adhering to low density regions and large numbers of cells adhering to the high-density regions (Fig. 8) . This gradient approach can also be utilized to study the influence of ligand interactions on cell behavior.
Microfluidic Techniques for Interfacial Gradients
Several authors have indicated the utility of microfluidics for gradient generation in the study of cell chemotaxis, 112 neuronal development, 113 and embyrogenesis. 114 Flows can be controlled to the extent that only a portion of the cell interacts with a given flow. For example, Takayama et al. 36 demonstrated that by placing a cell at the interface of two streams, one could expose the cell to multiple microenvironments. Specifically, the authors were able to deliver small molecules to selected cellular domains. This technique, called partial treatment of cells using laminar flows, would be particularly useful in investigating how various soluble factors influence the cellular microenvironment.
Utilizing gradients to study neuronal cells is particularly attractive. However, one of the major challenges in using gradients in neural cell research is the ability to make chemical gradients on the large scale, several hundred micrometers, in which these cells function. Dertinger et al. 115 addressed this issue, by using microfluidics to create protein-gradients. In this instance, the authors used this approach to orient neuron axons. However, the method is generally applicable for the creation of biomolecular gradients. Specifically, a linear concentration gradient of 250 lm comprised of bovine serum albumin and laminin was created on PLL. The gradient was generated by two inlets and four or five serpentine streams that formed a step-profile wherein each stream contained different concentrations of protein. Mixing occurs in the serpentine channels and then all the streams exit via a single outlet and are delivered across the PLL coated microfluidic channel (Fig. 9) . Once the protein gradient was created, neuronal cells were cultured on the gradient surface and the direction of axonal growth observed. The authors found axonal growth occurred preferentially in the direction of increasing laminin concentration. Neuronal cell behavior on gradients has also been explored by creating protein concentration gradients modulated by the grafting density of a poly(acylic acid) (PAA) polymer. 116 Mixed monolayer gradients of alkanethiol SAMs have been utilized to create patterned cell co-cultures and to investigate the dynamics of cell migration. 117 In this work, SAM patterns were rapidly created via microfluidic lithography (lFL). Specifically, a PDMS microfluidic cassette with a spiral pattern was placed atop bare gold and hexadecanethiol (HDT) flown across the surface with the aid of negative pressure at the outlet. The flow duration and concentration of alkanethiol influenced the pattern dimensions with extended flows and higher concentrations leading to larger feature sizes. Thus gradients of pattern sizes were created on the same surface. After lFL, the unpatterned areas of the substrate were backfilled with other alkanethiols, in this case a tetra(ethylene glycol)-terminated undecanethiol, to generate surface architectures of increasing complexity. Once patterned, fibronectin was adsorbed as a cell adhesive monolayer to the hydrophobic HDT areas. To study the dynamics of cell migration, a PDMS mask covered part of the patterned surface and fibroblasts were seeded onto the mixed SAM layer via centrifugation. Then the mask was removed and cells selectively migrated to the cell adhesive regions, that is, the HDT patterned areas. Co-cultures were also created using the same procedure, with an additional centrifugation of the second cell line and removal of the PDMS mask. The two cell populations were distinguished by a fluorescent dye (Fig.  10) . This work has applications as a tool for a wide range of cell migration and intercellular communication studies. Nonetheless, the use of SAMs of alkanethiolates in this instance limits the universal application of this approach as these SAMs have been known to desorb from surfaces when exposed to biological media with and without serum during prolonged culture. 118 Furthermore, the SAM's functional end group as well as the type of cells utilized also influences SAM stability over time as SAMS may be degraded or desorbed from the surface. 119 Degradation or desorption may Step-by-step process for creating the gradient and subsequent neuronal cell culture. occur as a result of oxidation, synthesis defects, or liquid immersion.
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The advantage of microfluidic gradients lies in the ability to study cellular processes on a small scale reducing the number of cells and reagents needed to conduct an experiment. However, the size of the devices limits the type of substrate that can be patterned with this approach. Moreover, this advantage is also a limitation for this method, because it cannot be used to investigate phenomena with commonly utilized biological tools such as cell culture dishes and plates. Though microfluidic gradients may be too small for some uses, they are also too large for others as phenomena that are apparent on the nanoscale may not be readily detectable at the microscale.
Plasma Polymer Techniques for Interfacial Gradients
Plasma polymerization, the generation of polymeric materials under the influence of ionized gas (plasma), may also be used to create gradient surfaces. 123 These polymers arise from the glow discharge which is excited from an organic precursor gas and flown into a reactor under reduced pressure and at a controlled rate. 124 This approach can generate a wide range of surface chemistries and can be applied in the modification of most substrates due to its formation of well adhered surface layers that are pin-hole free. Furthermore, plasma polymerization has demonstrated suitability for clinical applications. 125, 126 A commonly utilized method of gradient generation utilizes a mask and is diffusion-based. In this instance, monomer is diffused beneath a solid mask with the distance of the mask from the substrate controlling the plasma film depth and thus the slope of the gradient. Plasma film depth may also be modulated by augmenting the plasma polymerization time. However, the use of this fabrication method may be limited by the need for costly equipment such as the vacuum and reactor system in which the plasma polymerization occurs. In addition, a wealth of process parameters including flow rate, pressure, substrate temperature, input power, and frequency add to the system complexity potentially making it difficult to optimize process parameters. 127 Harding et al. 128 have used plasma polymerization to investigate the influence of stem cell spreading on stem cell differentiation. For this work, the authors produced a plasma copolymer gradient consisting of diethylene glycol (DG) dimethyl ether and acrylic acid (AA) plasma polymers. The DG plasma polymer was selected because it is a non-fouling or protein resistant material similar to the commonly utilized PEO. Although AA plasma polymers were chosen FIGURE 10 Microfluidic lithography and centrifugation were used in conjunction to produce co-culture surfaces that could direct cell motility and growth. The step-by-step process was as follows: (a) Selectively masked patterned substrates placed into centrifuge tube with cells. (b) Cells selectively attached to patterned region after first spin down. (c) Second spin down and removal of mask used to create patterned co-cultures. (d and e) Surfaces for directed cell growth and migration generated by mask removal and allowing cells to access newly unveiled pattern adhesive regions. 117 
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because they are known to promote protein and cell adhesion. 129, 130 Prior to gradient generation, silicon or Thermanox cell culture treated coverslips were placed in the plasma reactor and an adhesion layer of octadiene (OD) plasma layer was deposited. Then AA plasma polymer was homogenously deposited on the samples. A gradient of DG plasma polymer was then created using a glass slide tilted at an angle of 12 to mask the samples [ Fig. 11 (left side) ]. Resulting gradients were 3 cm in length and the depth (and thus the slope) of the gradients was augmented by the use of two polymerization times, 5 and 10 min, respectively. At this juncture, mouse embryonic stem cells (mES) were cultured on the gradients and stem cell colony attachment, spreading, morphology, and differentiation were assessed. In general, AA-rich regions of the gradient had greater attachment and spreading which decreased as the amount of DG in the gradient increased irrespective of the treatment time. For both gradient types, stem cell morphology and characteristic expression of stem cell markers (such as Oct 4) was maintained in regions with high DG concentration [ Fig. 11 (right  side) ]. Investigation of serum protein adsorption onto the gradients provided a plausible explanation of this phenomenon; that the cellular response is strongly influenced by plasma film depth which in turn mediated the adsorption of serum proteins onto the gradients.
In addition to generating chemical gradients like that in the previous example, diffusion-based plasma polymerization has also been utilized to create wettability gradients. For example Zelzer et al., 131 generated a wettability gradient to assess the influence of this surface property on the adhesion and proliferation of NIH 3T3 murine fibroblasts. Here a gradient of a hydrophobic (water contact angle of 90 ) plasma polymermerized hexane (ppHex) was generated on a hydrophilic (water contact angle of 63 ) plasma polymerized allylamine (ppAAm). Glass slides were used as the substrates with both a steep and a shallow gradient being generated by augmenting the distance of the mask from the substrate surface. Cell behavior was assessed on both gradient types and compared to that of homogenously coated substrates. Irrespective of the gradient type, cell adhesion and proliferation was shown to decrease as the concentration of ppHex increased. Cell adhesion and proliferation on the ppHex end of the gradient was comparable to that on homogenously coated substrates. However, differences were noted between the steep and shallow gradients as compared to homogenously coated substrates of ppAAm. The number of cells adhered to the ppAm end of the gradient was half that of a homogenously coated substrate irrespective of the gradient steepness. There was no difference in the cellular proliferation rates on gradient and homogenous samples. Zelzer et al. hypothesize that this adhesion disparity may occur due to differences in cell-cell signaling or protein adsorption but note that further investigation is warranted before determining the source of the disparity. Nonetheless, these results indicate the need for validation testing before extrapolating cellular results on homogenous surfaces to that on gradient surfaces.
Additionally, the influence of wettability gradients generated by plasma polymerization on the cellular response of mES cells has been studied. Specifically, the hydrophobic OD plasma polymer and the hydrophilic AA plasma polymer were used to create a wettability gradient to study the influence of this surface property on mES cell spreading and differentiation. The resulting wettability gradient on Thermanox cell culture slides had static water contact angles that ranged from 47 to 88 from the AA to the OD ends respectively. Different media and different mES cell lines were assessed to determine what influence the gradient had on the resultant stem cell behaviors. Irrespective of the stem cell or media type, cell colony number and size were found to increase with increasing concentration of AA up to a certain point; though the location of the maximum colony number and size differed based on the cell and media type. Cell differentiation, as shown by the presence of a common ES cell marker, alkaline phosphotase, was also evaluated. Results indicate that colonies of intermediate size (less than or equal 120 lm 2 ) colonies were primarily comprised of undifferentiated cells as evidenced via fluorescence intensity while those larger than this were more differentiated. Thus, in this instance it is the colony size, and not the surface chemistry directly that has a greater influence on stem cell behavior.
Morphological Gradients
Surface roughness, protrusions and/or depressions found on the uppermost layer of a material, have been shown to impact cell adhesion, 132 proliferation, 133 and differentiation. 134 As a result, surface roughness has been incorporated into orthopedic implants like hip replacements to facilitate osseointegration 135 and into periodontal implants to enhance the proliferation and differentiation of cells surrounding an implant site. 136 Roughness gradients exist in vivo and thus to systematically investigate cell-material interactions in response to such gradients, synthetic analogs need to be generated. A myriad of techniques have been utilized to create morphological gradients including particles, 137, 138 erosion/chemical polishing, 139 polymer blending, 140 and polymer temperature gradients. 141, 142 These techniques have resulted in gradients of various dimensions (nano-and microscale) and geometries. Of the aforementioned techniques, the use of particles is the most prevalent. For example, Kunzler et al. 143 used positively charged poly(ethylene imine) (PEI)-coated silicon wafers to attach negatively charged silica particles to create morphological gradients on the nano-scale. The particles were surface modified via sintering at 1125 C where sintering time was used to modulate particle spacing along the wafer with an increase in sintering time corresponding to a decrease in particle spacing. As a result, a particle density gradient and thus a surface roughness gradient, was produced. Rat rat calvarial osteoblasts (RCO) were cultured on the roughness gradients and the impact of the gradient on cell morphology and proliferation was assessed. 143 In general, RCO proliferation increased as particle spacing and thus surface roughness decreased after 4 and 7 days of culture. This study noted the same trend for cell morphology, with cells being more spread out in areas displaying reduced surface roughness. 143 Another attempt at investigating the influence of nanoscale roughness gradients was completed by Washburn et al. 144 In this instance, a polymer temperature gradient was employed that exploited changes that occur in the roughness of a polymer as a function of changes in the polymer crystallinity. Specifically, 3% poly(L-lactic acid) (PLLA) in chloroform was adhered to silicon wafers (note that the wafers had been pre-treated to make the surface hydrophobic for enhanced PLLA adhesion). Then, the PLLA-coated substrates were annealed on a custom-built temperature gradient stage with limits of 44 and 100 C respectively. Annealing treatments resulted in a root mean square surface roughness gradient that ranged between 0.5 and 13 nm. Proliferation of osteoblastic MC3T3-E1 cells as a function of gradient roughness was examined and as in the previous study, an increase in nanoscale surface roughness was shown to reduce cell proliferation over a 5-day period (Fig. 12) . To demonstrate that changes in proliferation were purely associated with changes in surface roughness, and not serum protein adsorption, an assay for the adsorption of fibronectin and vitronectin was undertaken. Results indicated no significant influence of FIGURE 12 Montage of representative images of PLLA morphology from AFM data (top panels, field of view in each image is 20 mm), and corresponding cell count from fluorescent microscopy (bottom panels, field of view in each image is 1500 mm). 144 REVIEW protein adsorption and thus proliferation changes were attributed to changes in surface roughness. However, the interpretation of the results of this study are complicated because in addition to changing surface roughness, the shape of the surface features also changed and this has been shown to impact cell behavior. 145 As both micro-and nanoscale roughness features are known to influence cell phenotype and function, 146 a recent study looked at the synergistic effects of a surface having a combination of micro-and nanoscale roughness. 147 Briefly, a microscale roughness gradient was incorporated onto the surface of an aluminum sheet by sandblasting followed by polishing via immersion in a chemical polishing solution. The generated gradient ranged from 0.8 to 4.1 lm in average roughness (R a ). This surface was further modified by dipping it into a nanoparticle solution and then removing it incrementally to generate a nanoscale particle density gradient on the order of 0 to 74 particles per lm 2 . MC3T3 osteoblasts were cultured on the cells for 14 days in an osteogenic media and then assessed in terms of their expression of an osteogenic marker, osteopontin. Highest expression was found on surfaces that combined highest microscale roughness with an intermediate nanoparticle density (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) particles/lm 2 ).
3D Gradients in Hydrogels
Up to this point, a majority of our discussion has centered on gradients in 2D. However, cells exist in a complex 3D environment and thus the influence of gradients on cellular behavior should also be evaluated in 3D. A majority of the gradient work in 3D thus far has been generated through the use of hydrogels. Several methods are utilized to generate gradients in hydrogels, though the use of microfluidic devices is most prevalent. [148] [149] [150] Gradients involving the use of hydrogels for cellular studies may be classified as: 1. 3D hydrogel gradients with cell studies conducted on the surface of the hydrogel 2. 3D hydrogel gradients with cell studies conducted within the hydrogel.
Typically work has been done on the surface of gradient hydrogels. [151] [152] [153] [154] For example, a poly(ethylene glycol)-diacrylate (PEGDA) hydrogel with a surface gradient of the adhesion peptide RGD was designed to assess the effects of concentration gradients on the adhesion and spreading of rat bone marrow-derived mesenchymal stem cells (rMSCs). 148 The gradient was fabricated by injecting a hydrogel precursor solution with or without RGD-conjugation into a microfluidic gradient generator. In the presence of a photoinitiator, PEGDA conjugated RGD was crosslinked via photo-polymerization. The existence of RGD gradients was confirmed by fluorescence microscopy as the hydrogel had been labeled with fluorescein isothiocyanate (FITC). After producing gradients varying in steepness, rMSCs were cultured on the hydrogel surfaces and cell adhesion and spreading were evaluated. In general, the number of cells adhered and degree of cell spreading increased with increasing RGD concentration up to a saturation point. This effect was more pronounced on steeper gradients than on shallow gradients.
Another example of cellular studies conducted on the surface of a 3D hydrogel involved a molecular concentration gradient which was initiated by a passive pump induced forward flow and extended further via an evaporation-induced backward flow in a microfluidic channel. 155 The materials used to generate the gradient include photocrosslinkable hydrogel precursors (a combination of photoinitiator, poly(ethylene glycol)-diacrylate (PEG-DA), and/or a PEG-derivative of the cell adhesive ligand RGD). By altering the concentration of the hydrogel precursors, a chemical gradient on the centimeter length scale could be generated and stabilized once the hydrogel was crosslinked via UV exposure. Cell-material interactions were assessed via the culture of human umbilical vein endothelial cells on the gradient hydrogels. Cells were more numerous and spread out better on portions of the chemical gradient that had higher concentrations of the cell adhesive ligand RGD. This work has applications in the generation of longrange gradients for cell migration experiments.
In addition to surface cues provided by soluble and immobilized factors, cellular cues may also be provided by surface stiffness impacting cellular adhesion, migration, morphology, and function. [156] [157] [158] As such, gradients in hydrogel stiffness have also been evaluated to determine the influence of this property on hMSC migration and differentiation. 159 Hydrogels were comprised of poly(acrylamide) and the stiffness of the hydrogels, as indicated by the corresponding elastic modulus, was augmented via the incorporation of a photoinitiator and UV exposure. In particular, a UV light was shone through a gradient photo mask such that some areas received more exposure than others resulting in a gradation in the hydrogel stiffness. The elastic modulus of the gradient hydrogel ranged between 1 and 14 kPa and the slope of the gradient was on the order of 1.0 6 0.1 kPa/mm as determined by AFM. hMSC migration and differentiation was assessed over the course of 21 days. By day 21, hMSCs were found to migrate in the direction of greater stiffness and as they did so, began to differentiate down a myogenic lineage where differentiation was indicated by immunohistochemistry (Fig. 13) . Results of this study may lead to the assessment of stiffness changes rather than static stiffness alone. Though promising, the aforementioned as well as other hydrogel gradient studies are limited because the actual cell analysis still occurred on the surface rather than within the 3D hydrogel matrix. 160 Few studies have evaluated the cellular response of cells within a 3D gradient hydrogel. [160] [161] [162] One such study was conducted by Dodla and Bellamkonda and was used to assess neurite extension for applications in nerve regeneration. 163 In this work, a growth promoting glycoprotein, laminin-1 (LN-1) was incorporated into a 3D agarose hydrogel. The agarose hydrogel was placed in a chamber where one side was exposed to a concentrated solution of LN-1 (high concentration compartment) and the other side was exposed to phosphate buffered saline (low concentration compartment). Diffusion of the LN-1 across the gel from the high concentration compartment toward the low concentration compartment occurred over the course of 6 h and then was photocrosslinked via UV light. Because the LN-1 was fluorescently labeled, the persistence of the gradient through the various layers of the 3D network could be assessed. Once a uniform gradient was confirmed via fluorescence microscopy, cellular assessments could begin. The gradient set-up for the cell tests was the same as that previously described with the exception that dorsal root ganglia (DRG) from chicken embryos were suspended in the agarose gel prior to LN-1 exposure and that DMEM was used in the low concentration compartment. Neurite outgrowth from the DRGs was assessed over a 4 day period with slopes of the LN-1 concentration gradients ranging from 0.017 to 0.121 lg/mL/mm. Fastest growth rates were seen for the gradient with the mildest slope (0.017 lg/mL/mm). At this point, the fastest neurite outgrowth on gradient gels was compared to that of isotropic gels, and neurite outgrowth was shown to be significantly faster on gradient scaffolds. Results of this work may be used to facilitate peripheral nerve regeneration in vivo.
Microspheres containing growth factors have also been incorporated into 3D hydrogels to create chemical gradients. 164 For this work, salt leaching was used to generate pores in a water-based silk fibroin scaffold, with the pore size being defined by the size of the salt crystals utilized. Silk microspheres containing recombinant bone morphogenic protein 2 (rhBMP-2) and/or recombinant insulin-like growth factor I (rhIGF-I) were then encapsulated in the scaffold using a gradient generator. The generator consisted of two adjacent chambers which contained the same concentration of hMSCs but different concentrations of silk microspheres within the silk fibroin. A valve separating the chambers was opened and a peristaltic pump was used to create a gradient as the solution from the first chamber was mixed with an increasingly lower volume of solution within the second chamber. This mixed solution was eluted into a single chamber containing the salt particle solution which was used to generate a pores within the gel scaffold. From this process, three distinct scaffold types were produced: 1. Scaffold with rhBMP-2 gradient only 2. Scaffold with rhIGF-I gradient only 3. Scaffold with a dual gradient of rhBMP-2 and rhIGF-I (with increasing concentrations of rhBMP-2 along the length of the gradient). Gradient generation within the scaffolds was determined sectioning the scaffolds and quantifying the amount of rhBMP-2 and rhIGF-I at various scaffold sections using enzyme-linked immunosorbent assay. Once gradient generation had been confirmed, the scaffolds were used to induce the osteochondral differentiation of human bone marrow-derived mesenchymal stem cells (hMSCs). hMSCs were cultured for 5 weeks within the scaffold in a medium containing osteogenic and chondrogenic components. At this juncture, scaffolds were sectioned such that cell differentiation at various points on the concentration gradient could be assessed. In particular, calcium content and histological staining were used to ascertain the extent of hMSC differentiation into an osteochondral lineage as a function of gradient position. Though differentiation was not observed on the rhIGF-I only scaffolds, differentiation was apparent on the rhBMP-2 only scaffolds in the direction of increasing rhBMP-2 concentration. Additionally, the differentiation of hMSCs was enhanced on the dual gradient as compared to the rhBMP-2 gradient alone.
SUMMARY AND OUTLOOK
A plethora of methods have been generated for patterning surfaces and creating surface gradients in order to assess cell-surface interactions. These methods vary in terms of the materials utilized (from polymers to metals) and the complexity of the instrumentation employed to implement these strategies, all of which have been described in this review. The effects of various topographical patterns and gradients on the micro-and nanoscale have been evaluated on a multitude of cell types for diverse applications. This in itself represents advancement in the field as enhanced processes have enabled investigation at smaller length scales. Repeatedly, the researchers highlighted herein have patterned ligands (proteins, peptides, growth factors, etc.) that have an affinity for the cells in question and are used to spatio-selectively control cell adhesion and proliferation. Often, higher ligand density and/or concentrations result in greater cell adhesion and proliferation (up to some plateau point). A similar result is realized for biomolecular gradients, with a greater number of cells adhering to or migrating in the direction of increasing biomolecular densities. The converse is typically true for morphological gradients like roughness gradients, with increasing roughness often being correlated with a decrease in cell adhesion and proliferation for several cell types though differential outcomes may be noted when stem cell differentiation is assessed. Patterning results that look at the influence of pattern spacing and size are inconclusive for several cell lines and types as a certain pattern size or spacing may promote one behavior for one cell type while promoting a different behavior on another. Thus, it is difficult to predict cell behavior on materials due to synergistic effects between material properties and patterning/gradient properties such as ligand concentration, shape, size, and spacing which may lead to divergent outcomes between and among different cell types. As a result, combinatorial approaches should be investigated to enhance our understanding of these interactions. Though engineers and scientists are capable of investigating cell-surface interactions on the microand nanoscale, the resolution of many of the techniques is hampered by environmental factors and the long-term stability of some of the materials utilized is questionable for prolonged cell studies as they may be degraded or desorbed from the material surface as a result of oxidation, synthesis defects, and/or immersion in liquids. Furthermore, some of the strategies are cumbersome and do not readily lend themselves to high-throughput investigations. Additionally, the ability to generate more complex surface architectures via simultaneous patterning of multiple ligands is limited. Moreover, there is additional work to be done as several of the methods for patterning and gradient generation are only applicable for planar substrates, which does not accurately mimic the 3D cellular microenvironment. Going forward, the use of combinatorial gradients such as those demonstrating micro-and nanoscale roughness or those consisting of chemical and morphological gradients warrant systematic investigation as some of these properties may interact synergistically to influence cell behavior. To date, patterning and gradient generation have shown great promise in enhancing our understanding of cell responses to physical and chemical cues in the cellular microenvironment.
